Lakes and reservoirs have been identified as sentinels of climate change. Tonle Sap is the 21 largest lake in both the Mekong Basin and Southeast Asia and because of the importance of 22 its ecosystem, it is has been described as the "heart of the lower Mekong". Its seasonal cycle 23 depends on the annual flood pulse governed by the flow of the Mekong River. This study 24 p r o v i d e s an i m p a c t analysis of recent climatic events from El Niño 1997/1998 to El 25 Niño 2015/2016 on surface storage variations in the Tonle Sap watershed determined by 26 combining remotely sensed observations, multispectral images and radar altimetry from 1993 27 to 2017. The Lake's surface water volume variations are highly c o r related with r a i n y 28 s e a s o n rainfall in the whole Mekong River Basin (R=0.84) at interannual time-scale. 29 Extreme droughts and floods can be observed when precipitation deficit and excess is 30 recorded in both the Tonle Sap watershed and the Mekong River Basin during moderate to 31 very strong El Niño/La Niña events (R=-0.70) enhanced by the Pacific Decadal Oscillation 32 (R=-0.68). Indian and Western North Pacific Monsoons were identified as having almost 33 equal influence. Below normal vegetation activity was observed during the first semester of 34 2016 due to the extreme drought in 2015. 35 36 Basin; Multi-satellite Lower Mekong Basin will have a major impact on the hydrological regime of this region (see 68 Lu et al., 2014 for the impacts on the Chinese Upper Mekong Basin; Arias et al., 2014 for the 69 impacts on the Vietnamese Lower Mekong Basin). 70 Remotely sensed observations offer a unique opportunity to continuously monitor floods in 71 large watersheds. Previous studies have determined spatio-temporal flooding extent by 72 applying a threshold approach to land surface reflectances, or spectral indexes from the 73 MODerate resolution Imaging Sensor (MODIS) radiometer (Sakamoto et al., 2007; Arias et 74 al., 2012; Siev et al., 2016; Fayne et al., 2017) in the Tonle Sap watershed. Gravity Recovery 75 and Climate Experiment (GRACE) products have recently been used along with MODIS 76 images to estimate total water storage and identify flood events in the Tonle Sap watershed 77 (Tangdamrongsub et al., 2016). Estimates of surface water volume changes in the Tonle Sap 78 watershed are sparse and have only been for short time-periods (e.g., 1997-2005 in Kummu 79 and Sarkkula, 2008; and 2003 and -2005 and in Siev et al., 2016.
Introduction 39
Climate variability and human population growth have led to inland waters being identified 40 as some of the most severely endangered ecosystems (Rosenzweig et al., 2007) . Lakes and 7 141 3.2. Radar altimetry data 142 Our radar altimetry data comes from the acquisitions on their nominal orbit of the following missions:
143 Topex-Poseidon (1992 -2002 , Jason-1 (2002 Jason-1 ( -2008 , Jason-2 (2008 Jason-2 ( -2016 , Jason-3 (since 2016), ERS-144 2 (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) , ENVISAT (2003 ENVISAT ( -2010 , and SARAL (2013) (2014) (2015) (2016) . Topex/Poseidon and Jason-1 to -3 145 missions are on the same 10-day repeat period orbit, whereas ERS-2, ENVISAT and SARAL succeed 146 each other on the same 35-day repeat-period orbit. Altimetry data comes from Geophysical Data 147 Records (GDR) E for Jason-1; GDR D for Jason-2, Jason-3 and SARAL; and GDR v2. reflectance values in the red band are higher for vegetation than over water bodies. Thus, these two 240 indexes are well suited to discriminate between water and vegetation.
241
The two indexes used in this approach are defined as follows (Huete, 1997):
242
(1)
where ρ NIR is the surface reflectance value in the near infrared (841-875 nm, band 2), ρ R is the surface 245 reflectance value in the red (621-670 nm, band 1), ρ B the surface reflectance value in the blue (459-246 479 nm, band 3), and ρ SWIR the surface reflectance in the short-wave infrared (1628-1652 nm, band 6).
247
Following ( Sakamoto et al., 2007) , the approach summarized in Figure S1 for Normandin et 
283
The final water elevation time series (in meters wrt EGM08 geoid) is computed with reference to 284 ENVISAT track 107 (the most eastward ENVISAT track on the lake, see Fig. 1b ). because of bathymetry changes. To account for this observation in a simple way, we arbitrarily 296 considered that difference between the two time series can be corrected applying a time lag to Jason-2 297 time series, depending on the water elevations, to get a better match with ENVISAT time series. After 298 different tests on time lags and water elevation thresholds, the best correlation (0.9986) and lowest 299 RMSE between ENVISAT and Jason-2 (0.11 m) are obtained when Jason-2 water elevations below 300 5.5 m are delayed by 9 days, whereas water elevations above this threshold are delayed by 2 days.
301
More information on this issue is shown in Figures S2 to S4 in the supplementary information 302 section. The Topex-Poseidon, Jason-1 and Jason-3 time series used in this study are from the same 303 track and therefore the same processing has been applied (after removing the bias between these time 304 series and Jason-2 time series). with missing data due to cloud presence were computed for each pixel, as well as the 340 associated standard deviation over the whole study period (see Fig. S5 in supplementary 341 information). The annual lack of data due to cloud presence over Tonle Sap Lake and its 342 floodplains is generally less than 8 days (1 image) and can reach up to 24 days (3 images),
343
with standard deviations less than 16 days (2 images). This lack of data (not occurring on respectively, considering only pixels classified as inundated. Fig. 3 is similar to Fig. 2 , but 349 uses both pixels classified as inundated and the ones classified as mixed pixel. Extensive 350 inundation is generally in the western part of the lake during time spans shorter than 3 351 months, but can also occur in the eastern part of the lake and along its north to south flowing 352 tributary in the eastern part of the basin. Longer inundation, lasting between 4 and 5 months 353 but of smaller extent, can be observed in the lake's outlet and also in the northeastern part 354 ( Fig. 2a ). These inundations are characterized by a large interannual variability with standard 355 deviations between 40 and 50 days (Fig. 2b) . In 2011, important inundations (>100 days) 356 were observed in all eastern and northwestern parts of the lake (Fig. 2c) , whereas almost no 357 flooding was detected in 2015 ( Fig. 2d ). In addition, considering the mixed pixels (i.e., the 358 pixels partly inundated), the patterns are similar to those presented in Fig. 2 , but with a larger 359 extent and longer presence (Fig. 3) . Floods lasting up to 6 months were detected in the 360 western parts of the lake (Figs. 3a and 3c) , and are in good agreement with results from 361 previous studies (Kummu and Sarkkula, 2008; Arias et al., 2012; Kummu et al., 2014) . Large 362 differences were obtained between the flood extent using only the flooded pixels and using 363 both the flooded and mixed pixels in terms of maximum extent and flood duration inside the 364 maximum inundation extent defined filling SRTM DEM with altimetry-based water stage 365 (Fig. S6 ). Even if SRTM DEM exhibits a high frequency noise (variations of 1 or 2 m from 366 one pixel to another, see Fig. S7 ), large-scale elevation variations are well retrieved 367 considering the minimum elevation in the MODIS pixels ( Fig. S8 ) and do not prevent its use 368 for determining temporal variations of maximum flood extent. In the following, surface water 
